Thirty 133Xe determinations of renal blood flow were made in 20 children ranging in age from l9f2 to I09i2 years. I n six normal kidneys average blood flows to the outer and inner cortex were 374 and 44 ml/min/100 g, respectively. Mean fractional flows to these areas were 84 and 15 ml/min/100 g, respectively. I n nine children with congenital heart disease (CHD) who were not in congestive heart failure and who were evaluated before angiography, a defect in outer cortical flow was demonstrated. Average blood flows to the outer and inner cortex were 250 ml/min/100 g ( P 0.0005) and 27 ml/min/100 g ( P 0.22). Mean fractional flows were 76y0 ( P 0.03) and 24% ( P 0.015), respectively.
Extract
Thirty 133Xe determinations of renal blood flow were made in 20 children ranging in age from l9f2 to I09i2 years. I n six normal kidneys average blood flows to the outer and inner cortex were 374 and 44 ml/min/100 g, respectively. Mean fractional flows to these areas were 84 and 15 ml/min/100 g, respectively. I n nine children with congenital heart disease (CHD) who were not in congestive heart failure and who were evaluated before angiography, a defect in outer cortical flow was demonstrated. Average blood flows to the outer and inner cortex were 250 ml/min/100 g ( P 0.0005) and 27 ml/min/100 g ( P 0.22). Mean fractional flows were 76y0 ( P 0.03) and 24% ( P 0.015), respectively.
After cardiac angiography, a decrease in outer cor~ical flow occurred. The second flow study was performed 8-30 min after injection of contrast media (Hypaque-M, 75%) in amounts which ranged from 1.2 to 3.5 ml/kg body wt. After angiography, blood flows to the outer and inner cortex were 186 ml/min/100 g ( P 0.001) and 24.5 ml/min/100 g (P 0.68). Average fractional flow to the outer, 74y0 and inner: Z6Y0 cortex, did not change ( P 0.71).
Speculation
Kidneys of children with CHD have decreased outer cortical flow, which may result in increased renal renin production. Therefore, a child with CHD may suffer the long term consequences of hyperreninemia. Furthermore, the balance of any metabolic system whose metabolic pathways involve the outer cortex may be altered and hemodynamic response to stressful clinical situations may be greater in the kidneys of children.
Zntroclz~ction
injecting a bolus of into the renal artery and monitoring the rate of disappearance of the isotope by Although inforlnation of major importance relative to ol external counting devices over the renal blood flow (RBF) has been obtained using the kidney. Graphic analysis of the resultant data provides radionucleide 01 the inert gas, xenon (l3%e), in aniinformation relative to both the rate of nutrient flow rnals and in human adult subjects, this technique has and the fraction of total Aow which perfuses the outer not been used previously to invastigate problems speand inner cortical regions of the kidney. That the cifically related to pediatrics. The RBF is determined by 13"e technique provides useful hemodynamic data in humans has been shown by comparison oE angiographic findings [25, 481 or sequential camera pictures [3] with information derived by graphic analysis of the washout curve.
Evaluation of renal hemodynamics by the 133Xe method offers a number of technical and physiologic advantages over other clinical techniques available to measure intrarenal blood flow patterns. Technically, neither renal vein blood nor urine needs to be collected in contrast to the dye-dilution or p-aminohippurate clearance (C,,,,) renal extraction techniques [5] . Only an end-hole catheter needs to be inserted into the renal artery and can easily be accomplished during aortography when the femoral artery is the site of entry into the arterial system. Because pertinent information can be obtained in less than 10 min, prolonged patient cooperation is not required. Physiologically, the 1"Xe technique is the only clinically available method capable of providing data relating to intracortical blood flow patterns. Moreover, the units of measurement of flow, in milliliters per minute per 100 g [54] , and fraction of total flow, as a percentage [54] , are independent of body size. This permits direct comparison of data obtained in children of various ages.
Previous studies have found abnormalities in effective renal plasma flow in children with congenital heart disease [24, 41, 45, 461 , and found that medullary necrosis in infants and changes in C,,,, in newly born piglets may occur after administration of angiographic media [23] ; accordingly, investigations relative to these problems were performed. In addition, measurements of RBF were obtained in six kidneys judged to be normal. This study reports the results of 30 133Xe washout curves performed in 20 children. T h e data obtained demonstrate that abnormalities in outer cortical blood flow occur in CHD, and that significant decreases in RBF may occur after angiography in children.
Materials and Methods
T h e nature of the studies to be performed, the significance of the administration of radionucleides, and the risks involved in catheterizing the renal artery were explained to the parents of each child and informed consent obtained. T h e parents were advised that RBF would be determined only if arterial catheterization were part of the cardiac catheterization. T h e computed quantity of y radiation to the whole body was less than 0.5 millirads/mCi 13"e administered, which can be compared with an average whole body dose of 90 millirads for a n IVP. No complications occurred wllicll could be attributed to the perlormance of the xenon washout curve.
Pertinent clinical data are provided in Table I . T h e children received their usual diets until 6-8 111-before catheterbation. T h e clinical status of the kidneys permits their division into four groups: group I, kidneys considered to be normal which were studied before angiography; group IZ, kidneys considered to be normal which were studied only after angiography; group IZZ, kidneys in children with CHD evaluated before angiography; and gro~lp I V , kidneys in children wit11 CHD evaluated after angiography.
T h e washout curves calculated before administration of contrast medium were performed after completing measurements of oxygen saturation and pressures in the chambers on the right side of the heart and in the pulmonary circulation and before similar measurements of the left-sided cardiac chambers. These curves were monitored for 5-6 min. T h e postangiographic studies were performed 8-30 min after injecting the contrast material and were monitored for 30 min. Table I records the total dose of contrast medium administered and the time interval after the last injection of angiographic media to the start of the flow study of the nine patients studied twice. In the remaining children, only the quantities of contrast media used in performing the angiograms were recorded. Although precise time intervals between the last angiogram and the xenon study were not recorded in the initial studies, patients 15-20, the time intervals involved were similar to those of the other studies. Hypaque-M 75% (sodium and meglumine diatrizoate) was given to the patients with CHD. Hypaque 50% (sodium diatrizoate) was given to the patients without CHD.
T h e method used to determine RBF and its intrarenal distribution was a modification of the krypton method originally developed in dogs [54] . A no. 5 endhold catheter was inserted through a purse-string arteriotomy and fluoroscopically guided into the renal artery. Initially, cardiac catheters were used, but later, special renal artery catheters were used. After positioning the catheter in the renal artery, 100 pCi 133Xe dissolved in 0.9% NaCl solution (0.1-0.4 ml) were rapidly injected through one side of a three-way stopcock and followed by a 2-ml 0.9% NaCl flush through another side of the stopcock. T h e catheter was immediately withdrawn into the descending aorta out ol the field of the radiation detection probe.
Three lines of evidence suggest that the injected 133Xe entered only the renal circulation. First, the re- 2 These quantities of contrast medium are less than the total quantity by the amount of medium used in the various hand injections to localize the position of the catheter.
sultant washout curve looked like a l33Xe washout curve. Second, because injected xenon leaves the renal vein and is almost entirely excreted by the lungs on its first circulation, any 133Xe which fails to enter the renal artery will travel down the aorta into the leg and be detectable there. Although we did not monitor the leg opposite the arteriotomy in every study, we did so in a number of patients, and in no instance were we able to detect any radioactivity within the initial 5-10 sec after injecting 133Xe. Third, in those patients evaluated after angiography, 0.25-0.5 ml contrast medium was injected into the renal artery and monitored on videotape in order to verify the position of the catheter.
Monitoring of the rate of washout of l33Xe was accomplished by placing a 2-inch sodium iodide crystal, which was recessed 3 inches into a conical lead collimator, 1-2 inches above the anterior abdominal wall and aimed toward the kidney and away from the lung. T h e probe was powered by a Packard Selectronic model analyzer [60] . T h e washout data were continuously recorded on a Cipher model 100x40 9-track tape recorder [61] . T h e 9 tracks were electronically modified by Mr. John Whitney of the Cipher Data Products Corporation [61] so that the lst, 4tb, 7th, etc., radioactive counts were recorded on track 1; the 2nd, 5th, Sth, etc., on track 2; and the 3rd, 6th, 9th, etc., on track 3. Tracks 4, 5, and 6 and 7, 8, and 9
were modified in a similar fashion. Each group of three tracks, i.e., chan7zels I , ZZ, or IIZ was now capable of recording in a linear fashion 50,000 +-0.5% (SD) cps generated from one probe. Standard 9-track Ampex [62] magnetic tapes were used. Repeated playback of the tape demonstrated that the tape stretched less than 0.003%.
T h e resultant data were subsequently fed at 1-sec intervals into consecutive channels of a 4096-channel Hewlett-Packard [63] model 5401 multichannel analyzer. Each discrete channel was then used as a memory unit for a finite interval of the washout curve. T h e entire curve was displayed on the cathode ray tube of the multichannel analyzer, and tlle initial rapid downward defection of the curve identified and designated as time zero.
T h e stored data were then manipulated by a series of programs written kor tlle Hewlett-Packartl 9100A computer calculator and model 9101A extended memory which was in direct two-way communication with the multichannel analyzer through a Hewlett-Packard model 2570A coupler controller. Initially, the background count rate was subtracted. Next, a graphic plot of the natural logarithm of the count rate was plotted against time and printed out graphically on the Hewlett-Packard X-Y plotter model 9125A.
T h e washout curves were monitored for either 5-6 min or 30 min. T h e resulting data were analyzed subsequently by one or more of three procedures, henceforth referred to as the 30-min, 300-sec, and 750-sec analytic methods. Thirty-minute curves were analyzed after being plotted on the X-Y plotter by initially determining the terminal straight component of the curve by visual inspection. T h e memory channels in the n~ultichannel analyzer which corresponded to these data points were identified. A least squares regression line was computed automatically using the stored data in these channels, and the data points beyond 21.75 SD from the line were eliminated from the appropriate memory channels. A second least squares line was then computed and drawn by the plotter. T h e values of the zero time intercept and slope per channel 1541, i.e., per second, were displayed on the digital printer of the unit. T h e computed straight line was then subtracted point by point from the original curve and a new curve plotted and held in memory. This process was repeated sequentially until no further components could be identified. With one exception, three components were identified in the 30- min curves. An example of a 30-min curve is sliown in Figure 1 . I n the 300-sec method, the count rate corresponding to 300 sec from the origin of the curve was taken as a constant value representative of the third component and subtracted from preceding count rates. T h e newly generated curve was then analyzed as a two-component curve in a manner similar to that described for the 30-min curve. Curves analyzed in this fashion by others [13, 38, 491 and as shown in Table 11 provide data which are accurate for component I only.
T h e 750-sec method, which is a new approach to analyzing 300-sec curves, consisted of starting with a 300-sec curve. A least square regression line was fitted to the data points between 250 and 300 sec. This line was extrapolated beyond the end of the curve to obtain the count rate at 750 sec. This value was then used as a constant representative of the third component and subtracted from the original curve. T h e resultant curve was then analyzed as a two-component curve. Figure 2 contains a representative example of the 750-sec method of analysis.
Fourteen curves were analyzed by all three methods. Information contained in Table I1 demonstrates that when the results of the 300-sec method were compared with those obtained by the 30-min method, the data is valid for component I only. Otller investigators have obtained similar results [13, 39, 481. Because flow and fractional flow for components I and 11, as derived from the 750-sec method, were similar to those obtained by the 30-min method, whenever results from 5-min curves are given, only the numbers derived from the 750-sec method of analysis will be presented.
Regional flow rates per 100 g kidney were calculated from the slopes of each component [54] : F = (k x A x 100)lp where F is the flour in milliliters per minute per 100 g of renal tissue; k is the slope of the component; , I
is the partition coefficient for xenon in the kidney and was assumed to be 0.7; and assumed to be 1.0, is the specific gravity of the kidney. T h e fraction of flow which perfuses these components was determined by adding together the count rate at time zero of each component and dividing the count rate of any given component by the total number of counts. In the 5-min curves, the contribution of the third component was disregarded. In the studies performed after angiography, although 30-min curves were obtained and analyzed, the initial 5-min portion of the curve was also analyzed in order to permit comparisons to the 5-min curves obtained before angiography. Conventional graphic analysis permits separation of individual com- ponents only if the 1% of the components difler by a factor of 3 [47] . Tests of significance between mean values were calculated by means of the student 2 test T h e s r ;~ follows tlie mean values for l~loocl flow and fractional flow.
Individual patient values for RBF and fractional flow are contained in Table 111 .
S t~i d i e s of Kidneys Considel-ed t o be N o r m a l
Patients 1, 2, 3, 4, and 5 underwent aortography for the purpose of evaluating primary renal disease. I n each patient the normal kidney was studied. T h e kidney involved in the two patients being evaluated for unilateral hematuria had been identified previously by cystoscopy. Renal arteriography failed to reveal any abnormalities. In the two children being evaluated for hypertension, the involved kidney was sliown in one to have perirenal bleeding related to trauma and in the other to have fibromuscular dysplasia. T h e child suspected of having a renal mass was shown to have normal kidneys bilaterally and both kidneys were studied.
As the data generated in these children I~efore or after angiography (clinical groz~ps I and 11) revealed similar values and also were within the known range of values reported previously in normal adults, they will be considered as a single group. T h e average flow rates to the outer and inner cortex were 374 r+ 16 and 44 +-14 ml/min/100 g. T h e range of values for flow to the outer cortex was 325 to 430 ml/min/100 g. Fractional flow to the same regions was 83.9 i-1.9% and 14.6 1 . 4%, respectively; the remaining 1.5% belonged to the third component as determined by the 30-min method of analysis.
Studies of Kidneys after Angiography i n Children with CHD
Patients 6-20 had determinations of renal blood flow performed at the conclusion of their cardiac catheterization. Thirty-minute curves were obtained in 13 children, patient.: 6-12 ant1 15-20 . One curve had four components, the others contained only three components. Patients 15 through 20 were the initial group of patients whose kidney function was evaluated by xenon washout curves. When it became evident that outer cortical flows were low, we started performing our xenon studies before angiography. As might be expected, the data obtained in this group did not differ from those data from patients 6-12 who were studied subsequently, and the two groups can be considered together.
Graphic analyses of these 30-min curves show that the blood flow to the outer cortex averaged 209 + 17 ml/min/100 g and 33.5 r+ 4 ml/min/100 g to the inner cortex. Fractional flows to the outer and inner cortical regions were 76 5 3% and 18 2 2.5, respectively. As the physiologic significance of the data generated from component I11 is questionable, the results for this component were not averaged. 
Studies of Kidneys before and after Angiography i n Children with CHD
Renal blood flow in palienls 6-14 was measured twice. Five-minute curves were performed before angiography and both 5-and 30-min curves after angiography. T h e results obtained from the initial 5-min segment of the 30-min washout curve after angiography were used to compare with the preangiographic study. T h e data and statistical analysis of these studies are contained in Tables I11 and IV. In the studies performed before angiography, blood flow to the outer cortex using the 750-sec method of analysis was 250 +-13.5 ml/min/100 g and 27 1 : 5 ml/ min/ 100 g to the inner cortex. Fractional flow was 76 t 2.5% and 24 i . 2.5% to the outer and inner cortex, respectively.
As shown in Table IV , outer cortical flow in the children with CHD was significantly lower than that found in our normal control kidneys. T h e reduced flow was associated with a redistribution of flow from the outer to the inner cortex. T h e time elapsed after angiocardiography to the performance of the second xenon study ranged from 8 to 30 min. I n no study did the quantity of contrast medium injected for a given angiogram exceed 1.0 ml/kg. T h e number of angiograms perlormed in an individual patient ranged from one to four.
A decrease in outer cortical flow occurred in these nine patients after angiography. Outer and inner cortical flows after angiography were 186 +-14 and 24.5 k 3 ml/min/ 100 g. Fractional flows were 74 +-5 % and 26 +-596, respectively. A significant change occurred in outer cortical flow. Both increases and decreases in flow to the inner cortex and in fractional flow to both the outer and inner cortex occurred. Therefore, no statistical unidirectional changes in these variables was found. T h e quantity of contrast medium injected was not related to the change in blood flow which occurred after angiography.
These studies in children provide renal hemodynamic data which deal with three distinct problems which require elaboration. T h e discussion to follow will comment first on blood flow relating to normally functioning kidneys, then upon the site of abnormality of the defect in renal blood flow in children with CHD, and, finally, upon the effect of angiography on RBF in cllildren.
Renal Blood Flow in Normal Kidneys
T h e five patients considered to have normal kidneys had values for both bloocl flow and fractional flow to the superficial ancl inner cortical regions of the kidney within the range of values reported for normal adult patients ingesting unrestricted diets. All were in the age range in which values both for glomerular filtration rate (GFR) and for renal plasma flow measured by the clearance of inulin and PAH, if expressed in terms ot body surface area, are similar to adult values. Although 133Xe studies were not performed in children below 2 years of age, it is known that renal plasma flow (Cp,,,) per gram of kidney is reduced in these children [2] .
Because changes in cardiac output [37] in relation to body s i~e alter birth are not great enough to explain increases in RBF, it follows that any increase in total RBF with age in relation either to kidney weight or surface area must occur as a result of an increase in blood flow per gram of kidney tissue, lor autopsy studies have sllown that the ratio of kidney weight to body weight in the human infant after birth remains constant or decreases [44] . Once blood flow per gram of kidney reaches adult levels, further increases in total RBF can be expected to occur only in relation to an increase in renal mass.
These data in children, together with that in nor--ma1 adults, demonstrate that once blood flow per gram of tissue reaches adult values, it remains constant. In addition, since tlie l"Xe technique provides data for flow directly in units of milliliters per gram of kidney, the results provide direct support for the use of surface area correction factors in attempting to normalize data relating to renal plasma flow and probably GFR in order to compare renal function studies in children above 2 years of age to similar type studies in adult patients. Data obtained in both infant piglets [22] and puppies 1291 by microsphere and/or gas washout techniques and that available dealing with cardiac output, C,,,,, and blood pressure both in the animals and in the growing child [22] , have shown that this increase in RBF with age occurs as a hemodynamic consequence of a progressive fall in total renal vascular resistance, with tlie principal increase in blood flow occurring in the superficial cortical regions. I t is also reasonable to assume that the fraction of cardiac output which perfuses the kidney reaches adult values at the time in maturation that renal blood flow per gram of kidney obtains adult values.
Renail Blood Flow in CHD
Decreased renal plasma flow in children with both cyanotic and acyanotic CHD has been demonstrated by a number oi investigators using the PAH clearance technique [24, 41, 45, 461 . Although the GFR is usually normal, some patients have had reduced levels of GFR in the absence of heart failure. These abnormalities persist beyond infancy when GFR and Cp,,, if corrected for body surface, ought to be similar to adult values. T h e finding that the renal extraction of PAH in children with both cyanotic and acyanotic CHD is within the range reported for normal adults provides evidence that the decrease in renal plasma flow in congenital heart disease is not caused by a shift of blood flow from cortex to medulla, i.e., glomerular ve?-sz~s nonglomerular flow, but must reflect an abnormality in cortical flow [go] . That the decrease in renal plasma flow is not an artifact resulting from an increased hematocrit in patients with cyanotic heart disease is proven by the findings of a reduction in total RBF in these patients. T h e resulting increase in filtration fraction in both cyanotic and acyanotic patients with CHD suggests that an increase in cortical vascular resistance probably exists in children with CHD. Wloreover, these abnormalities often persist for years after successful surgical correction of the cardiac defect [24, 461, although some data exist which show that C,,,, may increase toward normal values after surgery.
In addition to the functional changes noted, anatomic abnormalities which consist of thickening and/ or destruction of capillary walls, dilatation of afferent arterioles, prominence of the juxtaglomerular apparatus, the occurrence of enlarged glomeruli and mesangial prominence have been described in children with CHD [50] [51] [52] 561 . Spear feels that there may be a tendency toward hyaline changes in the renal arterioles in some patients [52] . T h e pathogenesis of these changes remains unknown and can not be attributed to either polycythemia or hypoxia alone.
T h e present studies extend our knowledge of renal hemodynamics in CHD by documenting the decrease in RBF in individuals with CHD by a more direct technique than the C,,,, method. With tlie exception of a iew measurements of total RBF by means of the C1,,lI, extraction technique in children under 2 years of age, no true measurements of RBF other than those reported here are available in children. T h e use of the 133Xe technique by measuring RBF directly eliminates the possibility that the reduced C,,,, values reported previously might reflect invalid surface area correction factors attlibutable to abnormalities of growth in children with CHD 1421. T h e defect in blood flow has been shown to occur in the region of the outer cortex.
Patient 20, evaluated before angiography, the only patient who was studied 1.5 years after corrective cardiac surgery, was shown to still have diminished outer cortical flow, and this suggests that the defect is permanent once it occurs.
Although our results are similar to those obtained by the 133Xe technique in experimental heart failure [31, 321, as well as in some adults being treated for heart failure [18] , none of our patients had ever been in failure and the left ventricular end diastolic pressure was normal in these patients. Since most of the adult patients had either aortic or mitral valve disease, it is probable that they had rheumatic heart disease and not CHD. I t may be that patterns of renal blood flow are different in acquired as opposed to CHD, for both blood flow and fractional flow in some adults were within normal adult values. Although the patliopllysiology of the redistribution of blood flow in congestive heart failure is not completely understood, it may be related to changes in catecholamines and effective arterial filling. -T h e clinical implication and pathogenesis of this defect in renal blood flow must remain speculative; however, a number of observations are of interest. Inasmuch as abnormalities in outer cortical flow have been correlated with changes in the renin angiotensin system [26, 551 , it may be that with increasing age, the individual with CHD is at risk for developing the consequences of hyperreninemia. Indeed, plasma renin activity has been reported to be higher in children with CHD than in normal children of similar ages [53] . Unpublished studies i n our own laboratory have shown similar findings [21] . Hyperreninemia associated with reduced outer cortical blood flow has been noted in patients with either essential hypertension and/or renal artery stenosis [26] . Moreover, reduced outer cortical blood flow may persist after surgical correction in children with CHD.
If it is assumed that the defect in outer cortical flow persists in children with CHD, it may be that this defect represents a failure of the normal developmental processes. T h e rate of maturation of the kidney is influenced by the dietary intake in the newborn period. Premature infants fed a high solute, high protein diet increase both their GFR and C,,,, at a fasteirate than premature infants fed a "normal" diet [16] . T h e kidneys of newborn rats in whom caloric intake is restricted have been shown to demonstrate both a morphologic and functional lag when compared with controls [59] . Studies of RBF in the developing kidney of the puppy have shown a reduced outer cortical flow and a greater fraction of RBF which perfuses the inner cortex in contrast to the adult kidney which has a high outer cortical flow and a large fraction of total flow perfusing the outer cortex [29] . T h e patterns of blood flow observed in our patients are similar to that of the infant kidney. I n addition, Solomon and Capek [49] have demonstrated that the level of food intake influences the rate of increase of superficial nephron GFR in developing rats, which suggests that the availability of solute and/or calories not only influences the rate of maturation of RBF, but its redistribution as well. I t may be that unless the stimuli which result in renal maturation are operative during a critical period of growth, a permanent and irreversible defect in renal function occurs.
Chronic malnutrition [l], i.e., infantile protein caloric malnutrition and kwashiorkor, is also known to reduce renal plasma flow. Moreover, C,,,, returns to normal values after malnutrition in children is treated, in contradistinction to the persistence of the defect in C, , , after surgical correction of the cardiac defect. Although many of our patients with CHD were below tlle 3rd percentile for heigllt, the defect in renal blood flow was also present in the children who were of normal height. I t may be that growth and renal maturation during infancy was retarded in these patients.
Another possibility which requires consideration deals with the relation of catecholamines to intrarenal blood flow patterns. Infusions of various catecholamines reduce outer cortical flow and the developing kidney has been shown to be more sensitive to a given level of circulating catecholamine than the adult kidney [30] . Although catecholamine excretion is increased in congestive heart failure [ l l ] and might influence renal cortical flow, catecholamine excretion is normal in children with CHD [lo] . Thus, it is not likely that catecl~olamine metabolism is causally related to the abnormality in RBF in children with CHD who are not in heart failure.
Eflecl of Angiography on Kidney
T h e cllild undergoing angiocardiography, especially the infant, may be more inclined to develop significant renal toxicity following intravascular contrast administration than the adult because of the relatively greater quantities of contrast media given to children. Toxic renal manifestations of contrast media in children include hematuria [23] , hemoglobinuria [12] , proteinuria [33] , and both transient and permanent renal insufficiency. Renal medullary necrosis [23] , a rare pediatric problem, has been reported to follow angiocardiography in a number of infants. T h e findings of marked decreases in C, , , after contrast administration in newly born piglets suggest that renal hemodynamic changes play a causal role in the development ol medullary necrosis. In human infants, a single injection of contrast media (1 ml/kg) does not significantly affect creatinine clearance [43] .
Although contrast media are intended only for diagnostic use and ought ideally to exhibit neither pharmacologic nor toxic effects, in actual practice they exert both effects [20] . Modern angiographic media are excreted through the kidney by the process oE glomerular filtration and act as nonreabsorbable solutes. A nonreabsorbable solute, if given in sufficiently large quantities, may induce an osmotic diuresis and produce clinical dehydration. In a child with CHD without fluid intake for a period of time before cardiac catheterization, who may already have abnormal renal lunction, the level of renal function may be further compromised by worsening the state of hydration.
In considering the effect of contrast medium on renal function in patients undergoing cardiac angiography, both the effect of contrast medium on cardiac function with it secondary effect on renal function and the effect of angiograplly media directly on the kidney itself have to be considered. One type of response to administration of contrast medium into cardiac chambers 01-into the aorta is one of an increase in cardiac output, a rise in heart rate and stroke volume, and an elevation in blood pressure [4] . These changes probably reflect changes in blood volume rather than a direct effect on the myocardium. T h e small quantities of contrast used in coronary artery angiography do not produce similar hemodynamic changes [34] . Conversely, tlecreases in myocardial contractility, elevations of left atrial pressure, and both pulmonary and systemic hypotension have occurred after contrast administration [19, 381 . Generally, these effects resolve within a few minutes. Systemic hypotension after angiocardiography did not occur in any of the patients evaluated in these studies. Unless tlle volume expansion results in the development of heart failure, it would appear that any drop in RBF after cardiac angiograplly is not related to changing cardiac hemodynamics but to a more direct effect of contrast on the renal circulation, although acute changes in left atrial pressure may effect renal hemodynamics.
I n regard to the effect of contrast media on renal hemodynamics, three different responses of the renal vascular bed have been reported in animals [6] . These include vasodilatation, vasoconstriction, and a biphasic response which consists of a transient vasodilatation followed by a period of vasoconstriction. Some of these differences may reflect differences in techniques of the time period examined. Apparently, only the kidney and lung [I71 contain vasculature which responds to the administration of hypertonic solutions with vasoconstriction, for the carotid, femoral, and myocardial circulation respond by vasodilatation [6] .
I n a series of studies using an electromagnetic flow meter, the drop in renal blood flow after contrast administration was shown not to be related to changes in catecholamine levels, for injection of contrast medium still induced vasoconstriction when RBF was reduced either by hemorrhage, which increases catecholamine release, or by norepinephrine infusions [6, 71.
T h e vasoconstrictor effect of contrast medium did not occur after continuous angiotensin infusion. I t was suggested that although the kidney generally responds to acute infusions of angiotensin by decreasing outer cortical flow [6, 8, 9 , 281, once angiotensin tachyphylaxis occurs [6] , the kidney becomes insensitive to continuous renin release.
Inasmuch as a similar response occurs after hypertonic saline solution injection, it is the hypertonicity of contrast medium and not its chemical composition which produces vasoconstriction. A recent study in dogs demonstrated that hypertonic solutions of sodium chloride, dextrose, or urea infused into the renal artery increased renal renin release threefold [58] . Presumably, local renin release is increased and intrarenal vasoconstriction occurs. Angiograms obtained both before and after injection of contrast medium show changes confined to the outer cortical legion of the kidney [6] . This suggests tlrat the contrast medium affects arteries less than 250 ~m in diameter, which are known to respond to angiotensin.
T h e changes in RBF found in these studies are different from those found after renal angiography in normal adults whose RBF was evaluated by the 133Xe method. In the adults, repeated studies were not performed in the same subject and groups of patients were compared. Only 40 ml contrast medium was injected into the descending aorta and, although the weights of the patients were not given, it can be assumed that the dose of contrast was less than 1 ml/kg, a dose much less than that given to our patients. In the adult group studied before angiography, blood flow and fractional flow were similar to that obtained in the group examined 30-120 min after angiography [27] . Our repeat studies were performed within 30 min.
A number of possible explanations can be offered to explain why children respond differently than adults. If angiocardiography increases catecholamine release, the kidney of the child may, like that of the developing puppy 1301, be more likely to respond with decreasing RBF. If the renin angiotensin system is responsible for the vasoconstriction after angiography, the quantity of renin available in the kidney to induce the vasoconstrictor response may be greater in the patients with CHD. Plasma renin activity is increased in normal neonates [36] .
Moreover, the child undergoing cardiac catheterization receives more contrast medium per unit of body weight than the adult. As the glomerular filtration rate is less in children than adults, injected contrast media would remain in the extracellular space for a proportionately longer time. T h e increase in serum osmolality after injection is associated with expansion of the vascular compartment [35] , a drop in serum oncotic pressure and hematocrit [15] , an osmotic diuresis [14] , and often an increase in blood pressure. These five changes have been shown to decrease proximal 
Summary
T h i r t y measurements of r e n a l blood flow and its int r a r e n a l d i s t r i b u t i o n were m a d e i n 20 c h i l d r e n r a n g i n g in a g e f r o m 16/12 t o lox2 years. In kidneys conside r e d t o b e n o r m a l , average flow t h r o u g h o u t e r a n d i n n e r cortex a n d fractional flow were similar t o those f o u n d in adults. C h i l d r e n w i t h CHD w e r e s h o w n t o h a v e r e d u c e d o u t e r cortical flow. A f t e r angiography, a significant fall i n o u t e r cortical flow occurred.
